Background: Ceratopteris richardii is a useful experimental system for studying gametophyte development and sexual reproduction in plants. However, few tools for cloning mutant genes or disrupting gene function exist for this species. The feasibility of systemic gene silencing as a reverse genetics tool was examined in this study.
nurtures the young embryo. We have used the homosporous fern Ceratopteris richardii as a model system for studying gametophyte development because Ceratopteris gametophytes are autotrophic, small (~1 mm) and develop rapidly [1] . They can also be manipulated to develop as males or hermaphrodites by the pheromone antheridiogen [2] and are easily crossed. Because all gametophytes are haploid, mutations affecting the gametophyte development are easily selected within days of spore mutagenesis and growth on selective medium. While Ceratopteris has proven to be a useful genetic system for dissecting its sex determination pathway [3] [4] [5] , it has yet to be stably transformed, which makes it difficult to clone genes known only for their mutant phenotype or to test the functions of gametophytically expressed genes.
Recent advances in epigenetic gene silencing have led to its use as a reverse genetics tool for examining gene function in plants and animals [6] [7] [8] [9] [10] [11] [12] [13] . Referred to as post-transcriptional gene silencing (PTGS), co-or sensesuppression, antisense suppression, quelling or RNA interference (RNAi) depending on the organism or the method employed, these processes result in post-transcriptional and sequence-specific gene silencing upon introduction of a transgene or double-stranded RNA (dsRNA) (reviewed in [14] [15] [16] ). What links these processes together is the presence of small 21 -23 nt RNA molecules that mediate the degradation of complementary homologous RNA. Genetic screens in Arabidopsis thaliana, Caenorhabditis elegans and Neurospora crassa have identified homologous genes required for gene silencing [17] [18] [19] [20] , indicating that they share a common and evolutionarily conserved mechanism that is likely to be present in all plants, including ferns. One striking feature of gene silencing is that the silencing effects are non-cell autonomous and spread to neighboring cells. For this reason, transient expression rather than stable integration of a transgene is sufficient to induce phenotypes resulting from gene silencing.
This study investigates the feasibility of DNA vector based gene silencing as a reverse genetics technique for studying gene function in gametophytes. Our selection of Ceratopteris genes to target was based upon three criteria: they result in visible phenotypes when mutated in other flowering plants; they are expressed in the gametophyte; and they are present in a Ceratopteris EST library generated from germinating spores [21] . The three genes selected included protoporphyrin IX magnesium chelatase (CrChlI), filamentous temperature sensitive Z (CrFtsZ), and uroporphyrin dehydrogenase (CrUrod), which are necessary for chlorophyll biosynthesis or chloroplast development. Here we show that systemic gene silencing occurs in Ceratopteris gametophytes when appropriate transgene constructs are introduced into young gametophytes by particle bom-bardment, that the silencing effects are non-cell autonomous, and that the phenotype resulting from gene silencing can be transmitted from the gametophyte to the sporophyte generation, although at low frequencies. By comparing the efficiency of various gene-silencing constructs, we also show that cDNA constructs without any recognizable promoter sequence are sufficient to induce silencing in gametophytes at high frequencies.
Results and discussion

Biolistic introduction of a CrChlI potential hairpin-forming construct suppresses the endogenous CrChlI gene
A Ceratopteris EST that encodes a putative protein that is >75% identical in amino acid sequence to the barley ChlI protein was initially selected to test silencing of endogenous genes in Ceratopteris. This gene, which is required for chlorophyll biosynthesis, was chosen because its inactivation results in an easily scorable phenotype. In barley, plants homozygous for ChlI mutations are yellow-seedling lethal, whereas heterozygotes are yellow-green [22] . Because the introduction of silencing transgenes by biolistic bombardment of tissues has been shown to trigger systemic gene silencing in angiosperms [23] [24] [25] [26] , the same method was applied here. Hermaphroditic Ceratopteris gametophytes were initially bombarded with the 35S:irintCrChlI plasmid ( Fig. 1 ), which potentially drives the expression of a dsRNA hairpin with an intron loop that, if spliced, forms a 393 bp double-stranded CrChlI RNA molecule. Such an inverted repeat construct design is known to be very efficient in inducing gene silencing in flowering plants [13] . At the time of bombardment, 6dold hermaphrodites are very small (~0.3 mm) and beginning to initiate a lateral, multicellular meristem ( Fig. 2A ). The simple morphology of the hermaphroditic gametophyte, which consists of a single layer of cells dotted with egg-forming archegonia and sperm-forming antheridia, makes it simple to detect gene silencing in all cells of the gametophyte while its gender makes it possible to self-fertilize gametophytes and assess the transmission of a silenced phenotype to the sporophyte generation following fertilization. If silencing of the endogenous CrChlI gene spreads from the bombarded to neighboring cells, gametophytes co-bombarded with 35S:irintCrChlI and the GUS reporter pFF19G plasmid ( Fig. 1) were expected to develop a sectored or completely yellow-to-colorless prothallus but express GUS in only a single cell of the gametophyte that was present at the time of bombardment. As shown in Figure 2 , hermaphrodites co-bombarded with both plasmids generated colorless cells throughout most of their prothalli, including the meristem, antheridia and archegonia, yet displayed GUS activity only in older cells of the gametophyte. While GUS activity could be detected in several adjacent cells ( a All gametophytes were stained 7 days after shooting; each percent represents the average of three replicates; standard error is given in parentheses. b the differences between treatments for all pairwise comparisons are statistically significant (z>3.4, P < 0.0003) with the exception of 35S:senseCrChl+pFF19G and senseCrChl+pFF19G. c total number of gametophytes displaying a phenotype and scored. d the average of 5 replicates.
transiently expressing the GUS gene. Only one GUS positive sector was observed in >99% of all GUS positive gametophytes and more than two GUS sectors never observed. Of the gametophytes co-bombarded with the 35S:irintCrChlI and pFF19G and having a colorless or GUS positive phenotype, ~89% were both colorless and GUS positive seven days after bombardment (Table 1) , indicating a high efficiency of introduction of both plasmids into the same cell. These results demonstrate that the presence of this CrChlI expression construct in one or a small number of cells is sufficient to inactivate the endogenous CrChlI gene in almost all cells of the growing prothallus leading to a colorless phenotype, especially in cells formed after bombardment.
The relative abundance of endogenous CrChlI transcripts in silenced gametophytes was assessed by quantitative real-time RT-PCR using cDNA generated from green and colorless gametophytes 6d after bombardment with the 35S:irintCrChlI plasmid. The abundance of CrChII was normalized to the abundance of the Ceratopteris EF1α gene in both gametophyte populations; the latter did not vary between the two populations ( Fig. 3A) . A ~7-fold decrease in the abundance of CrChIl transcripts was observed in colorless gametophytes compared to green gametophytes ( Fig. 3B ) indicating that the silencing mechanism interferes either with CrChlI transcription or the stability of the endogenous CrChlI transcripts.
Endogenous gene silencing in the gametophyte is both reversible and heritable
The heritability of the colorless phenotype of gametophytes bombarded with 35S:irintCrChlI was assessed by placing 195 colorless hermaphrodites individually into microtiter wells and adding water, allowing sperm to swim to and fertilize the egg. After three weeks, four classes of gametophytes, illustrated in Figure  2E ,2F,2G,2H, were observed, including those that turned green and produced a green embryo (32%; Fig. 2E ); those that remained colorless and produced a green embryo (26%; Fig. 2F ); those that remained colorless and produced a colorless embryo (7%) that did not develop beyond the stage illustrated in Figure 2G ; and those that remained colorless and produced no embryo (35%; Fig.  2H ). The inability of many colorless gametophytes to form sporophytes was not due to the lack of antheridia, motile sperm or archegonia as these structures appeared to develop normally, but may be due to the lack of sufficient photosynthate to support embryonic growth after fertilization. The relative proportions of each gametophyte class indicate that the silenced CrChlI gene is almost equally likely to reactivate or remain silenced in the gametophyte, but tends to reactivate upon or after fertilization. Reactivation of the endogenous CrChlI gene, reflected by the greening of colorless gametophytes, also indicates that CrChlI silencing is reversible and, therefore, epigenetic. Although the percentage of colorless embryos that developed from colorless gametophytes was low, their presence demonstrates that the silenced state can be maintained through gametogenesis and fertilization and can be transmitted to the next sporophyte generation. Because colorless sporophytes did not develop beyond the embryonic stage, it was not possible to assess whether the colorless phenotype could be maintained through meiosis and the subsequent gametophyte generation.
Defining transgene elements required for gene silencing
While a potential hair-pin forming construct was found to be effective in promoting the systemic silencing of the endogenous CrChlI gene, the assembly of this construct involves a two-step cloning procedure, which is a limitation for high throughput screening of gene function. For this reason, a variety of elements were removed from the inverted repeat-intron construct (illustrated in Fig. 1 ) and their ability to induce gene silencing assessed.
Results of quantitative PCR comparing CrChlI message abun-dance in green and colorless gametophytes To determine if silencing of the endogenous CrChlI gene requires a promoter, the 35S promoter was deleted to give ∆35S:irintCrChlI; gametophytes were co-bombarded with this plasmid plus pFF19G. Surprisingly, the absence of the 35S promoter resulted in a high percentage of colorless gametophytes, with ~82% of the colorless and/or GUSpositive gametophytes displaying both phenotypes ( Table  1) , indicating that either the CrChlI DNA sequences alone are sufficient for gene silencing, or that transcription of irintCrChlI can occur and promote gene silencing in the absence of a plant promoter. To test the latter possibility, gametophytes were co-bombarded with two constructs: the 35S:irintCrChlI plasmid as a marker for transformation; and the pFF19G construct from which the 35S promoter had been removed (to give ∆35S:GUS). The latter construct was used as a marker for in vivo gene expression of the GUS gene in the absence of a plant promoter. About one-half of the colorless gametophytes that developed after bombardment were also GUS positive (Table 1) , although the intensity of GUS staining was less than that observed in gametophytes bombarded with pFF19G (data not shown). No gametophytes bombarded with 35S:irint, a plasmid lacking the GUS reading frame (see materials and methods) stained positive for GUS activity (data not shown). Since a promoterless GUS construct was found to promote GUS activity in the gametophyte, transcription of the CrChl1I silencing transgene is also likely to occur in the absence of a plant promoter. The systemic silencing of genes using promoterless silencer constructs similar to that described here has also been observed in angiosperms [23] .
To address the contribution of the intron, the 35S promoter and a second copy of the transgene to CrChlI silencing in the gametophyte, each was deleted from 35S:irintCrChlI then co-bombarded with pFF19G into gametophytes. In comparing constructs with the CrChlI fragment cloned in an antisense orientation, the proportion of colorless, GUS positive gametophytes decreased 28% with the deletion of the sense copy of CrChlI from 35S:irintCrChlI (giving 35S:intantiCrChlI) and decreased a further 49% when the intron was also deleted (giving 35S:antiCrChlI) ( Table 1) . Almost no colorless gametophytes were observed when bombarded with the antiCrChlI plasmid, which lacks the 35S promoter, intron, poly(A) + signal and the second (sense) copy of CrChlI. The same trend was observed when gametophytes were bombarded with the CrChlI fragment cloned in the sense orientation (Table 1 ). These results indicate that the intron plays an important but unknown role in gene silencing and that the intron and the 35S promoter together enhance the efficiency of endogenous gene silencing. In angiosperms, an intron used to separate the two copies of a gene in an inverted orientation (as in the 35S:irintCrChlI construct) also increases the efficiency of gene silencing, although how this occurs is unclear [13] .
To determine the efficiency of CrChlI silencing by the unmodified CrChlI cDNA from which the CrChlI EST was originally derived, gametophytes were co-bombarded with pFF19G plus the CrChlI cDNA plasmid (Fig. 1) . About 14% of the GUS positive gametophytes were colorless (Table 1) , which is significantly greater than the ~1-2% observed following bombardment with the antiCrChlI or senseCrChlI plasmids that also lack a 35S promoter and intron sequences ( Table 1 ). The differences in frequency observed are likely due to differences in the size of the CrChlI insert, as the senseCrChlI and antiCrChlI plasmids harbor a 393bp cDNA insert while the cDNA plasmid harbors a 1.2kb cDNA insert. A similar correlation between the length of the silencer transgene and silencing efficiency has been observed in angiosperms [26] . 
Phenotypes of sporophytes and gametophytes bombarded with various plasmids
CrFtsZ and CrUrod gene silencing in the gametophyte
Gametophytes were bombarded with two additional genes selected from a Ceratopteris EST library to further test the application of gene silencing as a reverse genetics tool in Ceratopteris gametophytes. The two chosen, CrFtsZ and CrUrod, encode putative proteins that are at least 70% identical in amino acid sequence to the FtsZ and Urod proteins in angiosperms. The FtsZ gene encodes a tubulin-like component of the filamentous plastoskeleton and the plastid division ring, which is essential for chloroplast division in plants [27] [28] [29] . While Arabidopsis has four FtsZ genes representing two gene families that differ in the cellular targeting of the FtsZ protein [28, 30] , inactivation of a single member of either family results in cells with fewer and larger chloroplasts, a phenotype that should be easy to visualize in Ceratopteris gametophytes. Following bombardment with the inverted repeat-intron-forming CrFtsZ construct 35S:irintCrFtsZ (Fig. 1) , hermaphrodites developed a prothallus with cells having larger and as few as three chloroplasts per cell compared to non-bombarded gametophytes with >50 chloroplasts per cell (Fig.  4A,4B) . The larger-and-fewer chloroplast phenotype was not evident until three weeks after bombardment, indicating that the phenotype requires new cells divisions to occur. Because GUS activity fades in time and is usually undetectable three weeks after bombardment, the frequencies of GUS positive and CrFtsZ silenced phenotypes were impossible to determine for this gene. Gametophytes with altered chloroplast morphology also formed shallow meristems and no functional archegonia or antheridia, preventing self-fertilization of the affected hermaphrodites ( Fig. 4C) . Whether a functional CrFtsZ gene product is directly or indirectly involved in the development of meristem and gametangia is unknown, but this result suggests that CrFtsZ inactivation also can affect the differentiation of the gametangia and the organization of the multicellular meristem.
The Urod gene encodes an enzyme that catalyzes the decarboxylation of uroporphyrinogen III to coproporphyrinogen III, a precursor of chlorophyll and heme production in plants [31, 32] . Maize plants heterozygous for Les22, a mutation of a Urod gene, develop discrete, tiny, colorless or necrotic spots on their leaf blades, while homozygous plants are seedling lethal [33] . The lesions in Les22 heterozygotes result from the accumulation of uroporphyrin, which is toxic to cells upon exposure to light. Inactivation of the endogenous Ceratopteris CrUrod gene was expected either to inhibit growth of the gametophyte or lead to gametophytes that developed necrotic lesions of unknown size. About 60% of the hermaphrodites cobombarded with the construct 35S:intantiCrUrod ( Fig. 1 ) and pFF19G developed one or two discrete necrotic lesions within one week of bombardment (Figs. 4D,4E ) and were also GUS positive (Table 1) . Each lesion con-sisted of several adjacent colorless cells that eventually died. GUS staining could be detected only in cells of the mature gametophyte that were likely present at the time of bombardment. The GUS-positive cells may have survived following bombardment with the 35S:intantiCrUrod construct because each had produced sufficient CrUROD protein prior to bombardment and were thus able to catalyze the decarboxylation of uroporphyrin. Of the gametophytes that developed lesions or were GUS positive following bombardment with the original CrUrod cDNA plasmid plus pFF19G, 61% were both GUS positive and developed lesions (Table 1) , a percentage similar to that obtained when gametophytes were bombarded with the intron-antisense construct 35S:intantiCrUrod plus pFF19G.
Application of gene silencing for high throughput analyses of gene function
Our results show that DNA vector-based gene silencing in the fern gametophyte is effective in systemically inactivating targeted genes and results in a gene-specific mutant phenotype that is apparent throughout most of the gametophyte. While PTGS and RNAi have been shown to silence genes in flowering plants, the fern gametophyte offers many technical advantages as a system for studying gene function. One is that the method for generating a silenced phenotype is rapid and robust, requiring only a cDNA plasmid clone, a biolistic apparatus and a plate of six-day-old Ceratopteris gametophytes. Since each gametophyte matures quickly and is not much larger than a yeast colony, large numbers (>100) of transformed and genesilenced gametophytes can be generated with each bombardment and identified one to two weeks following bombardment. For this reason, it is feasible to bombard and test a minimum of 500 different cDNA clones within a two-week period, making this method suitable for high throughput testing of gene function. Like an onion epidermal peel, each hermaphroditic gametophyte is a single cell layer thick, making phenotypes easy to observe without interference from adjacent cell layers. Yet another technical advantage of the fern gametophyte is that lethal phenotypes associated with the inactivation of essential genes, such as the CrUROD gene, can be easily recognized because the gametophyte is not bombarded until after it has germinated from the spore. By varying the age of the gametophyte at the time of bombardment, one can control when during development gene silencing occurs.
The method described will be useful for identifying the biological functions of genes that are involved in post-germination processes in the gametophyte, including meristem development, archegonia, antheridia, sperm and egg differentiation, sperm chemotaxis, fertilization and early embryo development. Most of these processes are hallmarks of the plant gametophyte that are difficult to study in flowering plants because their gametophytes develop embedded within sporophytic tissues of the flower. Because the gold particles cannot penetrate the spore coat, genes that control processes that only occur prior to the emergence of the prothallus cannot be silenced using the method described in this study. Germination, the initial cell division, establishment of polarity as well as sex determination are among the processes that occur during these early days of growth [5] . Recently, an RNAi method first described in Marsilea vestita [34] [35] [36] was applied to Ceratopteris spores [21] . In this study, spores were incubated in the presence of in vitro synthesized dsRNA corresponding to each of five genes known to be expressed in germinating spores. Although phenotypes associated with each treatment were not reported, mixing spores with dsRNA was shown to reduce steady state mRNA levels after a 24 hr incubation period. Should this method prove fruitful in generating informative phenotypes, the combination of the two techniques will allow the examination of gene function throughout all stages of gametophyte development.
Conclusions
1) The expression of endogenous genes in the fern gametophyte can be systemically suppressed by introducing a transgene construct into single cells of the gametophyte by particle bombardment.
2) DNA constructs that promote the expression of potential hairpin-intron loop or antisense transcripts are the most effective, although constructs having a promoterless gene are sufficient in inducing systemic gene silencing in the gametophyte.
3) The silencing of the three genes tested (CrChlI, CrFtsZ and CrUrod) resulted in phenotypes that mimic mutant phenotypes in other plants.
4)
The method developed is a useful reverse genetic tool to quickly and efficiently screen the functions of gametophytically expressed genes.
Methods
Gametophyte culture and imaging
The hermaphroditic her19 mutant used in this study is described in Eberle and Banks [37] . Hermaphrodite cultures were generated from sterilized spores plated on fern medium, or FM, consisting of 0.5× MS salts, pH 6.5 as previously described [37] . In preparation for bombardment, spores suspended in water were plated on 60 mm petri dishes at a density of 2500-3000 spores per dish. Cultures were then placed in plastic bags to maintain high humidity and incubated at 30°C. To self-fertilize gametophytes, individual virgin hermaphrodites were placed into the wells of 96-well microtiter plates containing FM plus agar; enough water to submerge each gametophyte was then added to each well. Electron microscopy was done as previously described [2] . All light photography was done using a Spot II camera attached to a Leica dissecting microscope; images were processed with Adobe Photoshop.
Gametophyte bombardment
Several parameters were optimized before using the following conditions for bombardment, including the age of the gametophyte at time of bombardment, the amount of DNA delivered, gold size, rupture disc type, and shelf placement in the biolistic apparatus. 1.6 µm gold was prepared and coated with unmodified plasmid DNA purified using a Qiagen kit (Qiagen, CA) prior to bombardment using a PDS 1000 Helium System, all according to manufacturer's instructions (BioRad, CA). Gametophyte cultures were placed on a shelf 9 cm below the stopping screen of the apparatus; 1100 psi rupture discs were used. Gametophytes were bombarded 6 days after spore inoculation, and the amount of DNA delivered was 0.7 µg per shot. Unless indicated otherwise, gametophytes were scored for phenotype and histologically stained for betaglucuronidase (GUS) activity [38] 6 days after bombardment. In comparing the efficiencies of different plasmid constructs in inducing gene silencing, the null hypothesis (i.e., the efficiency of gene inactivation between two different constructs is the same) was tested by applying the z test for two proportions.
DNA constructs
A skeleton silencing DNA vector, named 35S:irint, into which a targeted gene could be easily cloned in opposing orientations separated by an intron was made by removing the GUS coding region from pFF19G [39] by digestion with Nru1 and Pst1 and replacing the GUS fragment with another containing the castor bean catalase intron 1 [40] . This intron was PCR amplified using pIGI121Hm [41] as template and the two adapter/primer sequences: 5' CGACGGACCGATCTAGAACATGGATC-CCTACAGGGTA and 5' TCAGCTGCAGACTAGTTACAG-GACGGACGAGTCGACGGTTC. The PCR product was digested with Pst1 and NruI then ligated to the pFF19Gminus GUS vector.
The genes targeted for silencing were chosen from a Ceratopteris EST database of ~3700 cDNAs generated from germinating, 20 hour-old spores [21] . The cloning vector for the cDNA library from which ESTs were derived was pCMVSPORT6 (Invitrogen, CA). The inverted repeatintron CrChlI (Cr referring to Ceratoperis richardii) gene silencing construct (35S:irintCrChlI) was made by PCR amplifying two 393 bp fragments from a Ceratopteris cDNA clone (GenBank accession number BE642494) using the primer pairs 5'GATACGGACCGGTTCTGGCAATCCAGAGGAA and 5'ATGCGGATCCAAGGCAATTGGGAATCACTG for cloning CrChlI in the sense orientation, and 5' GACGGTC-GACAAGGCAATTGGGAATCACTG and 5'CGTAACTAGTGTTCTGGCAATCCAGAGGAA for cloning CrChlI in the antisense orientation. Constructs for targeting the CrFtsZ gene (35S:irintCrFtsZ) were made by PCR amplifying two 435 bp CrFtsZ fragments from a Ceratopteris cDNA clone (GenBank accession number BE64351) using the primer pairs 5'CATACGGACCG-GCTCTTGAGGCCATTGAAAG and 5'ATGCGGATCCG-GATCAGCCAAGCTGGTAAC for cloning in the sense orientation, and 5'CGTAACTAGTGCTCTTGAGGCCATT-GAAAG and 5'GACGGTCGACGGATCAGCCAAGCTGG-TAAC for cloning in the antisense orientation. All sense orientation PCR fragments were digested with RsrII plus BamHI and cloned into the same sites of the skeleton silencing vector. All antisense orientation PCR fragments were digested with SalI and SpeI and cloned into the same sites of silencing vector. The promoterless construct irint-CrChlI was made by removing a 791 bp HindIII-RsrII fragment that contains the enhanced 35S promoter. Additional CrChlI constructs were generated by deleting various sequences from 35S:irintCrChlI by digestion with appropriate restriction enzymes followed by religation of the plasmid, or were generated as intermediates during the cloning of the final 35S:irintCrChlI construct. The antisense construct for silencing the endogenous CrUrod gene (GenBank accession number BE642240) was made by PCR amplifying a 413 bp CrUrod fragment from the appropriate Ceratopteris cDNA clone using the primers 5'CGTAACTAGTGCTGAGAAGCACCCCAGTTTC3' and 5'GACGGTCGACAAAGACTTTGGGTGCCTGATG3'. The SalI and SpeI digested PCR fragments were then cloned into the SalI and SpeI sites of 35S:irint.
Quantitative PCR
RNA was isolated from pools of 80 green and 80 colorless gametophytes one week after bombardment with the 35S:irintCrChlI plasmid using an RNeasy Plant Mini kit (Qiagen, CA). Total RNA was reverse transcribed using 200 U SuperscriptII reverse transcriptase (Invitrogen, CA) in the presence of d(T) 15 . Single-stranded cDNA was then used as a template in a real time PCR reaction using SYBR green PCR Master Mix from Applied Biosystems. Approximately 2 ng of cDNA, corresponding to the amount of RNA isolated from 3 gametophytes, was used as a template. The reactions were performed in an ABI Prism 7700 machine with real-time SYBR Green I detection using default parameters and the primers 5'AACGAGCAGGATGTGAAATG3' and 5'AACGAGCAGGATGTGAAATCG3'. Reactions were performed in quadruplicate for each template to assess standard deviation of threshold cycle (Ct) measurements of the amount of CrChlI transcripts in the green and colorless samples. Each measurement was normalized to the amount of CrEF1α (•Ct) (GenBank accession number BE642078) transcript using the same amplification conditions and the primers 5' CAGACCAGTCGGAGCAAAAGT3' and 5'TCCTGTGGGAAGGGTGGAA3'. The fold decrease in abundance of CrChlI in green and colorless gametophytes is equal to 2 •(•Ct) .
